Anthraquinone molecules self-assemble on a Cu(111) surface into a large two-dimensional honeycomb network ( ffiffiffiffiffiffiffi ffi 304 p Â ffiffiffiffiffiffiffi ffi 304 p )R23 -with pore diameters of ,50 Å . The spontaneous formation of a pattern containing pores roughly five times larger than the size of the constituent molecules is unprecedented. The network originates from a delicate balance between substrate-mediated repulsion and intermolecular attraction involving an unusual chemical motif: hydrogen bonding between a carbonyl oxygen and an aromatic hydrogen atom. Substrate-mediated long-range adsorbate-adsorbate repulsion has been observed on anisotropic surfaces and in the context of the absence of pattern formation. Its applicability for the design of tailored molecular films is explored here.
T he arrangement of molecules on surfaces is governed by a combination of interactions with the substrate and with neighboring molecules. For most organic molecules, simple patterns result, in which each adsorbate occupies the same kind of adsorption site and surrounds itself with neighbors just beyond its van der Waals surface. Phenomena such as dipolar (1) and quadrupolar (2) interactions can lead to more complex surface patterns, such as aggregates of a fixed number of molecules (1) . Hydrogen bonding can cause the formation of molecular rows (3, 4) and wellordered binary phases of quite appealing pattern (5). Yokoyama et al. (6) reported that similar interactions can also be found for the interaction of cyano groups with H atoms of benzene rings, where formally no hydrogen bonding is expected.
We report a chemical motif that leads to the formation of a honeycomb pattern of anthraquinone molecules on a Cu(111) surface. The pattern has an unprecedented pore diameter of ,50 ), which is several times the size of its constituent molecules. We attribute the formation of such a large-scale supramolecular assembly to a delicate balance between local intermolecular attraction and long-distance substratemediated repulsion.
We used two customized scanning tunneling microscopy (STM) systems operated under ultrahigh vacuum (UHV) conditions (base pressure G10 j10 torr) to study submonolayer coverages of anthraquinone on Cu(111) samples. Sample preparation involved cycles of argon sputtering and annealing, followed by an inspection of the sample cleanliness by STM at 80 K. Anthraquinone was deposited thermally from a glass tube attached to the UHV chamber in a line-of-sight fashion onto the cold sample. A subsequent increase of the sample temperature beyond 180 K (typically to room temperature) facilitated the rapid formation of the patterns discussed in this report. During deposition (G20 s), the background pressure remained below 2 Â 10 j9 torr, and low temperature measurements (10 K) confirmed the absence of co-adsorbates.
Individual anthraquinone molecules appear as almost rectangular features with slightly rounded edges. They exhibit a central Bwaist[ generated by opposing lateral indentations. The molecules are aligned with one of the high-symmetry directions of the substrate, similar to 9,10-dithioanthracene (7) and acenes in general (8) . Work by Chiang_s group (9) shows that oxygen can cause an apparent indentation of an organic molecule, which provides a consistent interpretation of the central waist.
In STM images of anthraquinone coverages of one molecule per several tens of substrate unit cells, we find an extended regular honeycomb pattern (Fig. 1 ). The sides of each hexagon consist of three parallel molecules, whose adsorption configuration resembles that of isolated molecules. The vertices consist of three anthraquinone molecules (one from each row) that form a triangle. The diameter of the hexagons is 950 ) and each hexagon encloses 9200 uncovered Cu atoms. A model of this film ( ffiffiffiffiffiffiffi ffi 304 p Â ffiffiffiffiffiffiffi ffi 304 p ÞR23 -pattern is shown ( Fig.  1, right) . The formation of a superstructure and of empty pore space of this magnitude (which is ,5 times the size of the constituent molecules) is unprecedented in both homogeneous and heterogeneous molecular films.
A detailed analysis of the anthraquinone pattern reveals that the oxygen atoms reside very close to hydrogen atoms of neighboring molecules, both along the sides and at the vertices of the hexagons (Fig. 2) . To quantify this observation, we performed density functional theory calculations of the molecule on a 6 by 4 unit cell of substrate atoms, similar to (7) . Based on the resultant anthraquinone adsite and bond length, we found that the oxygen atoms approached the hydrogen atom in the number 1 (row) or 2 (vertex) positions of the adjacent molecule at an O-H-C distance of ,2.8 ), which is comparable to hydrogen bonds in water and to the bond length reported in the cyano-arene system (6) . Hydrogen bonding between a carbonyl and an arene has not been described previously, yet it appears sufficiently strong to govern the relative placement of anthraquinone molecules on Cu(111).
Although hydrogen bonding can explain the geometric motifs underlying the honeycomb pattern, it does not indicate why each trimer is separated from its neighbor by a row of exactly three anthraquinone molecules. For further understanding of this phenomenon, we turn to coverages in which the density of molecules is insufficient to produce a regular honeycomb pattern. Here we find very few trimers. Rather, the anthraquinone molecules arrange themselves in rows. The setup of the Pierce Hall, University of California, Riverside, CA 92521, USA.
*To whom correspondence should be addressed. E-mail: ludwig.bartels@ucr.edu rows is identical to the sides of the hexagons described above, yet they are often several tens of molecules long. Occasionally, bends of 120-occur (resembling the vertices of the honeycombs) or adjacent molecules are shifted by one adsite along their neighbor_s side. A statistical analysis of 91000 molecules shows that only at local coverages above ,15 molecules per 1000 substrate atoms does the hexagon pattern start to emerge (Fig. 3) . Also, we observed that parallel molecular rows almost never run in close proximity (G50 )) to one another.
We observed the honeycomb pattern at temperatures between 10 and 200 K. If the anthraquinone coverage is increased beyond the nominal coverage of an ideal honeycomb pattern, islands of closely packed anthraquinone rows emerge that are surrounded by the honeycomb pattern. Thus, the honeycomb pattern appears to be favorable only at a very specific coverage regime. The honeycomb pattern is not affected by coadsorption of molecules, such as CO and water.
The honeycomb pattern maximizes the net intermolecular separation while preserving molecular rows. The adoption of this pattern by anthraquinone suggests that, despite attractive interactions between adjacent molecules, long-range repulsive interactions are present in this system. At very low coverage, these interactions prevent the formation of trimers and higher multimers in favor of molecular rows, whereas at higher coverages they prevent the proximity of parallel lines in favor of more even distribution of adsorbates that is afforded by the honeycomb pattern. Substrate-mediated long-range repulsion has been described as the origin of the spacing of pentacene molecules along the trenches of a Cu(110) surface, as well as for a variety of simple adsorption systems (10-13) ; however, such repulsion was generally associated with the absence of ordered patterns rather than the formation of regular two-dimensional patterns as shown here.
High-level theoretical modeling of this system appears to be impossible at this point because of the large size of the ( ffiffiffiffiffiffiffi ffi 304 p Â ffiffiffiffiffiffiffi ffi 304 p ÞR23 -unit cell. Thus, we can only speculate about the nature of the repulsive interactions whose effect is observed here; potential candidates include (i) charging of the molecules by interaction of the carbonyl groups with the substrate, (ii) confinement and/or scattering of the Cu(111) surface state (13) Ewhich is known to favor adsorbate separations of ,54 ) in approximate agreement with the ( ffiffiffiffiffiffiffi ffi 304 p Â ffiffiffiffiffiffiffi ffi 304 p ÞR23 -cell^ (14) , and (iii) compressive strain of the substrate lattice induced by the presence of the carbonyl oxygen atoms in the substrate hollow site. Notably, the sulfur analog of anthraquinone, 9,10-dithioanthracene, does not form a honeycomb structure (7) .
In the simplest possible mathematical model of a system governed by short-range attraction and long-range repulsion, the total interaction energy (U tot ) is given by
If we assume that the long-range repulsive potential is of the type a r /kr i -r j k a Ea 0 1 representing a compressive force (15), a 0 2 representing the interactions of screened chargesâ nd the short-range attractive potential is of the type -a a /kr i -r j k b (b 0 3 representing dipoledipole attraction, b 0 6 representing the attractive portion of a Lennard-Jones potential) (where a is the prefactor and r is the distance), then, in each case, a range of ratios a r /a a exists, in which a honeycomb pattern is energetically favorable over both a hexagonal pattern of individual molecules (which fails to maximize attractive interactions between closely adjacent molecules) and a pattern of parallel adsorbate rows (which fails to minimize long-range repulsion).
Numerical simulations show that this observation is quite generally valid. Different power laws of the attractive and repulsive potential cause the honeycomb pattern of various numbers of molecules per hexagon side to be favorable for different a r /a a ratios. Consequently, judicious engineering of the relation between the strength of the short-range attraction and the long-range repulsion allows tailoring of film patterns and pore sizes almost at will. Adsorbate films with tailored pores could serve as templates for the growth of nanoparticles at surfaces, providing homogeneous spatial and size distributions for catalytic, electronic, or mechanic applications, as well as for biocompatibility and the reduction of friction (16) (17) (18) . 
